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a b s t r a c t
The HCV IRES is a highly structured RNAwhichmediates cap-independent translation initiation in higher
eukaryotes. This function is encoded in conserved structural motifs in the two major domains of HCV
and HCV-like IRESs, which play crucial and distinct roles along the initiation pathway. In this review, IKeywords:
Hepatitis C virus (HCV)
Internal ribosome entry site (IRES)
N
R
discuss structural features of IRES domains and how these RNA motifs function as RNA-based initiation
factors to form 48S initiation complexes and 80S ribosomeswith only a subset of canonical, protein-based
rs.
1
p
o
M
1
5
b
e
p
e
S
w
n
i
n
s
i
s
t
r
(
t
t
t
P
l
s
i
o
m
a
w
p
t
c
K
i
e
a
s
R
a
2
H
d
c
l
0
d
.
MR spectroscopy
NA structure
eukaryotic initiation facto
. Introduction
Eukaryotic translation initiation is usually a protein-mediated
rocess, which requires the full complement of canonical eukary-
tic initiation factors (eIFs) and a 5′-capped mRNA (Hershey and
errick, 2000; Kapp and Lorsch, 2004; Merrick, 2004; Sachs et al.,
997). The 80S ribosome assembly starts with recognition of the
′-cap structure by the eIF4F complex, consisting of eIF4E (cap-
inding protein), eIF4A (RNA helicase) and the scaffold protein,
IF4G. This complex in turn recruits the 43S pre-initiation com-
lex comprising the40S small ribosomal subunit, eIF1, 1A, 3 and the
IF2/GTP/Met-tRNAMeti ternary complex to the 5
′ end of themRNA.
ubsequently, the ribosomal assembly scans the5′ UTRof themRNA
ith the help of helicase eIF4A and its co-factor eIF4B. During scan-
ing, the 40S ribosome is believed to adopt an open conformation
ntroduced by the binding of eIF1A in the ribosomal A site and eIF1
ear the platform (Passmore et al., 2007). Binding of the latter also
erves to inhibit hydrolysis of eIF2-bound GTP until the start codon
s reached (Algire et al., 2005; Unbehaun et al., 2004). Upon AUG
tart codon recognition, codon–anticodon base pairing between
he mRNA and Met-tRNAiMeti in the ribosomal P site triggers eIF1
elease and thereby eIF5-mediated hydrolysis of eIF2-bound GTP
Algire et al., 2005; Unbehaun et al., 2004). Subsequent dissocia-
ion of eIF2/GDP and eIF3 from the 48S complex requires eIF5B and
he joining of the 60S subunit in another GTP-dependent process
o form elongation-competent 80S ribosomes (Algire et al., 2005;
estova et al., 2000; Pisarev et al., 2006; Unbehaun et al., 2004).
In the translation initiation pathwaymediated byHCVandHCV-
ike IRES RNAs, 48S complex formation does not require a 5′-cap
∗ Tel.: +44 1223 402417; fax: +44 1223 213556.
E-mail address: pjl@mrc-lmb.cam.ac.uk.
2
a
a
c
(
H
t
f
168-1702 © 2008 Elsevier B.V.
oi:10.1016/j.virusres.2008.06.004
Open access under CC BY license.© 2008 Elsevier B.V.
tructure or scanning, and only a small subset of the canonical eIFs
s sufﬁcient (Hellen and Sarnow, 2001; Sachs et al., 1997). Instead
f being mediated by external protein factors (eIFs), HCV IRES-
ediated translation initiation is driven by the high-afﬁnity inter-
ctionof the structured IRESelement in the5′ UTRof theviralmRNA
ith the 40S subunit (Kieft et al., 2001; Otto and Puglisi, 2004). This
romotes stable binding of eIF3 and the eIF2/GTP/Met-tRNAMeti
ernary complex to form a 48S particle with already established
odon–anticodonbase pairing in the ribosomal P site (Ji et al., 2004;
olupaeva et al., 1998;Otto andPuglisi, 2004). Similar to the canon-
cal pathway, assembly of active 80S ribosomes still requires eIF5,
IF5B, GTP and 60S subunits (Pestova et al., 1998), but in addition
lso involves functional interactions of the HCV IRES with the 40S
ubunit (Locker et al., 2007; Pestova et al., 2008).
In this review, I describe our current structural knowledge of
NA elements found in HCV and HCV-like IRES RNAs and how they
re proposed to function in IRES-mediated translation initiation.
. Conserved secondary structure elements in HCV and
CV-like IRES RNAs
The HCV IRES displays a secondary structure with two major
omains, II and III (Brown et al., 1992; Kieft et al., 1999), which
ontain all the structural elements crucial for initiation of trans-
ation (Fig. 1A) (Ji et al., 2004; Kieft et al., 2001; Otto and Puglisi,
004; Pestova et al., 1998). The overall domain organisation (II–IV)
nd several RNA structural motifs in these domains are conserved
mong related viruses from the Flaviviridae family, such as the
Open access under CC BY licenselassical swine fever virus (CSFV), the bovine viral diarrhea virus
BVDV), and GB virus B (GBV-B) (Honda et al., 1999; Pestova and
ellen, 1999; Pestova et al., 1998). This distinct domain organisa-
ion has also been found in several members of the Picornaviridae
amily, such as porcine teschovirus (PTV), avian encephalitis virus
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Fig. 1. The pathway of HCV IRES-mediated translation initiation. (A) Secondary structure of the HCV IRES RNA with individual domains (II–IV) indicated. The 40S interaction
site is shown in pink, the eIF3 interaction site in blue, and the AUG start codon in red. (B) Model of HCV IRES translation initiation. The HCV IRES ﬁrst binds 40S subunits,
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bhen recruits eIF3 and the ternary complex to form a 48S complex. Subsequent 80S
pical parts of domain III. Adapted from ref. (Otto and Puglisi, 2004). The 40S subun
n the assembly are indicated under the arrows.
AEV), or simian Picornavirus (SPV) suggesting an HCV-like mech-
nism of translation initiation (Bakhshesh et al., 2008; Hellen and
e Breyne, 2007; Pisarev et al., 2004). The 5′ and 3′ boundaries of
heHCV IREShavebeen carefullymappedusingdicistronic reporter
ssays and the IRES element spans from residues 40 through 372
f the viral genome and therefore extends from the 5′ UTR into the
RF (AUG start codon=342–344) (Fletcher et al., 2002; Fukushi et
l., 1994; Honda et al., 1996b; Reynolds et al., 1996, 1995; Rijnbrand
t al., 1995).
The larger domain III consists of branching hairpin stem–loops
IIIabcdef) organised in 3- and 4-way junctions (Fig. 1A) (Brown et
l., 1992). The basal part of domain III contains a 4-way junction,
hich includes a predicted pseudoknot (IIIf) and a small stem–loop
IIIe) (Rijnbrand and Lemon, 2000). This region of the IRES displays
igh conservation of both structuralmotifs (IIIef) aswell as primary
equence (IIIe) and allowed the identiﬁcation of several HCV-like
RES RNAs from the Picornaviridae family (Bakhshesh et al., 2008;
ellen and de Breyne, 2007; Pisarev et al., 2004). The middle part
f domain III comprises the conserved stem–loop IIId incorporated
nto a 3-way (most HCV-like IRESs) or 4-way helical junction (e.g.
SFV) (Brown et al., 1992). Both stem–loops IIIe and IIId also display
equence conservation within the hairpin loop sequence with a 5′-
A(U/C)A-3′ sequence for IIIe and a G-rich hairpin loop sequence
ith at least 3 consecutive guanosines for domain IIId (Brown et
l., 1992; Hellen and de Breyne, 2007). The latter hairpin loop in
ubdomain IIId can also be accompaniedby an internal loopEmotif,
common motif found in ribosomal RNA (Correll et al., 1997). The
pper part contains a 4-way junction (IIIabc) as found in HCV and
SFV or a 3-way junction lacking the branched hairpin IIIc (e.g.
TV) (Brown et al., 1992; Hellen and de Breyne, 2007). Sequence
ariability is much more pronounced in this apical part of domain
II, but the overall secondary structure is maintained.
The sequences downstream of HCV domain III, surrounding the
UG start codon (IV) have the potential to form a small stem–loop
tructure, but this feature is not conserved among HCV-like IRESs
Brown et al., 1992; Hellen and de Breyne, 2007; Honda et al.,
I
d
e
c
aation depends on GTP hydrolysis, eIF5 and eIF5B and requires IRES domains II and
pink, eIF3 and the ternary complex in blue and mutations affecting speciﬁc steps
996a). The sequences upstream of domain III, namely domain
I, also display less conservation than the basal domain III, but
redicted structural features, such as an apical hairpin loop and
nternal loop Emotif and basal internal loops are conserved among
CV and closely related HCV-like IRESs (Brown et al., 1992; Hellen
nd de Breyne, 2007).
. HCV IRES displays distinct 40S subunit and eIF3
nteraction sites
The function of the HCV IRES depends on its conserved sec-
ndary structure elements as established by extensivemutagenesis
f the IRES RNA (Brown et al., 1992; Fukushi et al., 1994; Reynolds
t al., 1995; Rijnbrand et al., 1995; Wang et al., 1993, 1994). In
olution, these elements fold into an extended tertiary structure
ith two major, independently folded domains, namely domain III
ogether with its extension domain IV and domain II (Kieft et al.,
999). Domains III and IV contain two major interacting regions:
omain IV, the basal domains IIIdef, and domain IIIc bind the 40S
ibosomal subunit and the apical domains IIIab provide a platform
or eIF3 binding (Kieft et al., 2001; Kieft et al., 1999; Kolupaeva et
l., 2000a; Lytle et al., 2001, 2002; Pestova et al., 1998; Sizova et
l., 1998) (Fig. 1A). Domain II is organised into a basal domain IIa
nd an apical domain IIb, of which only domain IIb interacts with
he 40S subunit (Honda et al., 1999; Kieft et al., 2001). Ribosomal
roteinsmediate the IRES–40S subunit interaction as evidenced by
-thiouridine-mediated UV crosslinking (Otto et al., 2002) and the
IF3 binding region of the IRES directly contacts subunits eIF3a,
IF3b, eIF3d and eIF3f within a binary 40S–eIF3 complex (Buratti
t al., 1998; Sizova et al., 1998). Cryo-EM reconstruction of the
inary HCV IRES–40S complex showed that interactions of domain
II mainly occur in the platform region of the 40S subunit, while
omain II contacts theheadof the40S subunit near theE site (Spahn
t al., 2001). The cryo-EM structure of the binary HCV IRES–eIF3
omplex revealed extensive interactions of this factor within the
pical and basal part of domain III of the IRES (Siridechadilok et
168 P.J. Lukavsky / Virus Research 139 (2009) 166–171
Fig. 2. Structures of functional HCV IRES domains. (A) Secondary structure of the HCV IRES with numbering according to Pestova et al. (1998). Nucleotides corresponding to
subdomains of unknown structure are in black while nucleotides corresponding to known subdomains determined by NMR or X-ray crystallography are shown in color as
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re indicated. (B) Structures of HCV IRES domains. The backbone is in a ribbon prese
he nucleotides corresponding to parts of the HCV IRES are shown, while engineer
umbering according to (A). The PDB codes of the HCV IRES domains are 1P5P (II),
l., 2005). Further details of these cryo-EM structures have been
eviewed recently and are not further discussed in detail (Fraser
nd Doudna, 2007). The IRES–40S/eIF3 interactions not only pro-
ide the binding afﬁnity for 40S subunit and eIF3 recruitment
o the HCV IRES, but also function in a coordinated fashion to
ediate proper 48S and subsequent 80S ribosome assembly (Ji
t al., 2004; Otto and Puglisi, 2004). These various roles of the
CV IRES domains along the initiation pathway and the struc-
ures that these functions are encoded in are described in the next
ection.
.1. Structural motifs of the HCV IRES mediating 40S recruitment
The HCV IRES binds 40S subunits with nanomolar afﬁnity
Kd =2nM) (Kieft et al., 2001; Otto et al., 2002). Neither deletion of
omains II and IV, which interact with the 40S subunit nor deletion
f domain IIIb (part of eIF3 binding site) affect the binding afﬁn-
ty (Kieft et al., 2001; Otto and Puglisi, 2004). Further deletion of
he entire IIIabc junction severely affects 40Sbinding (Kd >500nM),
ut only mutations in IIIc reduce 40S binding (up to 10-fold), while
hanges in IIIadonot (Kieft et al., 2001). Thisdeﬁnesdomains IIIcdef
s the core 40S recruitment domain (Fig. 1B).
The basal part of the 40S binding domain contains a conserved
seudoknot (IIIef), which is crucial for IRES activity (Wang et al.,
995). Evidence for pseudoknot formation is derived fromhydroxyl
adical probing, which revealedmagnesium ion-induced backbone
n
r
(
i
Cnction IIIabc, and light blue for IIIb, respectively. Stems I and II of the pseudoknot
n and colored in blue, while the sugar and bases are colored according to (A). Only
cleotides to permit proper folding and stability for structural studies are omitted.
IIIe), 1F84 (IIId), 1IDV (IIIc), 1KH6 (IIIabc junction), and 1KP7 (IIIb), respectively.
rotections in the IIIef 4-way helical junction (Kieft et al., 1999).
hemical and enzymatic probing experiments, on the other hand,
uggested anequilibriumwith a stem–loop structure,where stem II
f the pseudoknot is not formed (Fig. 2A) (Wang et al., 1995). More-
ver, mutations, which disrupt base pairing in stem II abolished
RES activity and could be only partially restored by compensatory
utations (Kieft et al., 2001; Wang et al., 1995) (Fig. 2A). Interest-
ngly,mostmutations in domain IIIf, which disrupt the pseudoknot,
bolish IRES activity, but show only little effect on 40S subunit
inding afﬁnity of the HCV IRES, with the exception of stem Imuta-
ions (Kieft et al., 2001; Kolupaeva et al., 2000b). The proposed
seudoknotmight therefore perform a different function than pro-
iding binding afﬁnity, e.g. positioning the downstream AUG start
odon in the ribosomal P site, but its precise role still remains to
e determined (Kieft et al., 2001; Pestova et al., 1998). Despite its
mportance for IRES function, the tertiary structure of the pseudo-
not has not been determined probably due to the dynamic nature
f this IRES domain in the absence of the 40S subunit.
The basal 4-way junction also contains a small stem–loop
omain IIIe, which is crucial for IRES function (Lukavsky et al.,
000) (Fig. 2A). The sequence of the hairpin loop (-GAUA-) does
ot conform to a standard GNRA tetraloop motif and the structure
evealed a novel tetraloop fold with 3 major groove exposed bases
G295–U297) in contrast to 3 minor groove exposed bases found
n standard GNRA tetraloops (Heus and Pardi, 1991) (Fig. 2B: IIIe).
hemical probing suggests that this hairpin loop is involved in the
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RES–40S interaction and converting the loop into aGNRA tetraloop
U297A mutation) not only strongly reduces translational activity
ut also binding afﬁnity (Kd >50nM) (Kieft et al., 2001; Lukavsky
t al., 2000). This suggests a crucial involvement of this highly con-
erved structural motif in the formation of the binary 40S–IRES
omplex.
Similarly, domain IIId also contains a hairpin loop
-U264UGGGU269-) important for 40S binding (Fig. 2B: IIId).
hemical probing showed strong protection of the conserved
uanine bases (G266–268) upon 40S binding and mutations
f these residues strongly affect both binding afﬁnity and IRES
ctivity (Jubin et al., 2000; Kieft et al., 2001, 1999; Kolupaeva et
l., 2000a; Lukavsky et al., 2000). The structure of domain IIId
evealed a dynamic hairpin loop with two bases (G266 and G267)
xposed to the minor groove and third base (G268) positioned
n the major groove as well as rather disordered uracil residues
Klinck et al., 2000; Lukavsky et al., 2000). The internal loop of
omain IIId adopts a eukaryotic loop E motif (Correll et al., 1997)
ith minor groove exposed adenine bases and a characteristic
eversal of the backbone direction, a so-called S-turn (Fig. 2B: IIId).
n addition, a second S-turn is found in the hairpin loop, where
t is introduced by the speciﬁc stacking interactions of loop bases
Lukavsky et al., 2000). Both S-turns are located on the same side
f domain IIId and could thereby create unique backbone features
or the interaction of the HCV IRES with the 40S subunit (Fig. 2B:
IId). This interaction surface seems to be speciﬁc for the HCV
RES RNA, since the loop E motif in IIId is not conserved in related
CV-like IRESs, in contrast to the strict conservation of at least
hree consecutive guanosines in the hairpin loop of domain IIId
ound in all in HCV and HCV-like IRESs (Hellen and de Breyne,
007). Domain IIId is commonly incorporated into a 3-way helical
unction (or 4-way junction in some HCV-like IRESs) connecting
he basal pseudoknot domain with the apical IIIabc 4-way helical
unction, but the relative orientations of the helices in this region
f the IRES is yet unknown (Fig. 2A) (Hellen and de Breyne, 2007).
The 40S interaction surface of the HCV IRES extends into the
IIabc 4-way helical junction by including the short stem–loop IIIc
Kieft et al., 2001). The structure of domain IIIc also revealed a
ovel tetraloop fold with all four loop nucleotides exposed to the
inor groove (Rijnbrand et al., 2004) (Fig. 2B: IIIc). Converting
he sequence to a standard GNRA tetraloop once again abolishes
ranslational activity and reduces 40S afﬁnity 10-fold indicating
hat both loop fold and sequence are important for IRES activity
Kieft et al., 2001; Rijnbrand et al., 2004; Tang et al., 1999). The 40S
nteraction surface of the HCV IRES therefore contains three crucial
tem–loop structures (IIIc, IIId and IIIe), which all contribute to the
igh-afﬁnity interaction with the 40S ribosomal subunit. The spe-
iﬁc interactions of these domains together with the pseudoknot
omain (IIIf) do not just simply mediate 40S subunit recruitment,
ut also ensure formation of a functional binary complex with the
UG start codon already placed in or near the ribosomal P site to
llow subsequent assembly of 48S complexes (Pestova et al., 1998).
.2. Structural motifs of the HCV IRES mediating eIF3 recruitment
After binary 40S–IRES complex formation, both eIF3 and the
ernary complex are recruited to form a 48S complex with
odon–anticodon base pairing in the P site (Fig. 1B) (Otto and
uglisi, 2004). Binding of eIF3 promotes stable ternary complex
inding and is therefore crucial for Met-tRNAiMeti recruitment
nd 48S complex formation (Fig. 1B) (Ji et al., 2004; Otto and
uglisi, 2004). The binding of eIF3 depends on the intact 4-
ay helical junction IIIabc (Fig. 1A). The entire HCV IRES as
ell as the isolated domain IIIabc display the same afﬁnity for
he eIF3 complex (Kd =35nM), which is about 15-fold lower as
t
b
a
S
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ompared to the 40S subunit (Kieft et al., 2001; Sizova et al.,
998). Deletion of domains IIIabc or domain IIIb alone strongly
educes eIF3 binding and stalls translation initiation at the binary
0S–IRES complex stage (Fig. 1B) (Ji et al., 2004; Otto and Puglisi,
004).
The crystal structure of the IIIabc junction revealed formation of
distorted stack by helices IIIa and IIIb, while IIIc and the helix pre-
eding the junction (III*) stack almost perfectly coaxially (Fig. 2B:
IIabc junction) (Kieft et al., 2002).Mutations, which disrupt hydro-
en bonding interactions maintaining the junction fold, such as
228C or A154G and A155G, are deleterious to IRES function indi-
ating that maintenance of the junction fold is crucial for IRES
ctivity (Kieft et al., 2002). The widened minor groove in the dis-
orted helical stack IIIa–IIIb might provide a speciﬁc recognition
lement for the IRES–eIF3 interaction (Kieft et al., 2001). In the crys-
al, the relativeorientationof thehelical stackspositions thehairpin
oops IIIa and IIIc on the same side of the junction, while IIIb and
II* reside on the opposite side (Fig. 2B: IIIabc junction), but time-
esolved FRET studies showed that both antiparallel and parallel
rientations are sampled in solution (Kieft et al., 2002; Melcher et
l., 2003). This suggests a rather dynamicmodule of the IRES,which
ight adopt its stable conformation only when bound to the 40S
ubunit and eIF3.
Other information on the structural organisation of the eIF3
inding domain originates from structures of the internal loop IIIb
f the HCV IRES (Fig. 2B: IIIb). This motif contains an intraheli-
al C186–C211 mismatch, followed by two absolutely conserved
atson–Crick base pairs (A185–U212 and G184–C213), and a mis-
atch region, which is quite variable in primary sequence between
ifferent isolates, but maintains the structural conservation of an
-turn motif (Collier et al., 2002) (Fig. 1B: IIIb). These structural
ndings combinedwith results from extensivemutagenesis exper-
ments suggested that backbone features rather than the identity of
ndividual bases are recognized by eIF3 in this region (Collier et al.,
002). The efﬁcient eIF3 recruitment to the binary 40S–IRES com-
lex therefore depends on interactions within the properly folded
IIabc junction and the stem–loop IIIb and is crucial for the stable
inding of the ternary complex to form functional 48S complexes.
.3. Structural motifs of the HCV IRES mediating 80S formation
Most mutations within domain III affect either binding of the
0S subunit or eIF3 complex, but the apical domains (IIIabc) might
lso contain elements crucial for subsequent 80S assembly: dele-
ion of domain IIIb, mutation of the IIIa hairpin loop or mutation
n the IIIabc junction (U228C) all exhibit strongly reduced 80S for-
ation (Ji et al., 2004; Otto and Puglisi, 2004). The reduced IRES
ctivity of these mutants might simply reﬂect the lowered eIF3
r 40S subunit binding afﬁnity and resulting less efﬁcient binary
r 48S complex formation, but yet unknown roles during subunit
oining cannot be excluded (Ji et al., 2004). Domain II, in contrast,
s not required for 40S subunit binding (Kieft et al., 2001; Otto et
l., 2002) and its deletion does not alter eIF3 and ternary complex
ecruitment, but reduces the translational activity up to 5-fold by
locking 80S formation (Ji et al., 2004; Locker et al., 2007; Otto and
uglisi, 2004).
The cryo-EM analyses of the 40S subunit and binary HCV
RES–40S complexes revealed signiﬁcant, domain II-dependent
onformational changes in the 40S subunit upon IRES binding
Spahn et al., 2001). The interaction of the apical domain IIb near
he E-site leads to a rotation of the ribosomal head relative to the
ody and the resulting opening of the mRNA entry channel latch
ids to stably accommodate the HCV ORF (Kolupaeva et al., 2000a;
pahn et al., 2001). The main role of the domain II-dependent con-
ormational changes of the 40S subunit however is downstream
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f 48S assembly, in stimulating hydrolysis of eIF2-bound GTP and
ubsequent eIF2 release during subunit joining and this function
s conserved among HCV-like IRESs (Locker et al., 2007). In addi-
ion, domain II also seems to play a direct role in subunit joining,
ince 48S complexes assembled onto CSFV IRES in the absence of
IF2 still require domain II for efﬁcient subunit joining suggesting
general role of domain II in 80S assembly and eIF-release (Locker
t al., 2007; Pestova et al., 2008).
The structure of the entire domain II has been determined by
MR spectroscopy (Lukavsky et al., 2003). Domain II forms an
ndependently folded module within the IRES RNA with an overall
-shape both free in solution and when bound to the 40S subunit
Fig. 2B: domain II) (Kim et al., 2002; Lukavsky et al., 2003; Spahn
t al., 2001). The characteristic 90 degree bend in the basal domain
Ia is introduced by the stacking interactions of ﬁve single stranded
ases (-A53ACUA57-) and stabilised by magnesium ion binding in
wo locations in the major groove (Dibrov et al., 2007; Lukavsky
t al., 2003). The primary sequence of domain IIa in closely related
CV-like IRESs differs considerably, but thebend is a conserved fea-
ure and its deletion results in ﬁve-fold reduction in translational
ctivity, the same as deletion of the entire domain II (Locker et al.,
007). The conserved L-shape of domain II might help to place the
pical domain IIb into themRNAexit site on the 40S subunit (Spahn
t al., 2001), where it interacts with the ribosomal head protein S5
rpS5), and alters 40S subunit conformation (Fukushi et al., 2001;
olupaeva et al., 2000a; Spahn et al., 2001). Domain IIb contains a
oop E motif and a highly conserved hairpin loop (-U80AGCCAU86-)
ith a dynamic, looped-out uracil on the 3′ side (Lukavsky et al.,
003). These features are reminiscent of domain IIId, but in IIb the
ooped-out uracil and the S-turn are located on opposite sides of
he domain, while they are found both on the 3′ side in domain IIId
Lukavsky et al., 2000). This creates very different 40S interaction
urfaces in both subdomains despite using very similar RNA mod-
les. Substituting the hairpin loop by a stable UNCG tetraloop or
he loop E motif by Watson–Crick base pairs also reduces transla-
ion activity by 80%, since these mutations block eIF2 release and
ubsequent subunit joining (Locker et al., 2007). Interestingly, the
peciﬁc function of domain II lacks a counterpart in the canonical
ap-dependent initiation pathway, where start codon recognition
sbelieved to induce conformational changes that stimulatehydrol-
sis of eIF2-bound GTP and trigger Pi release, thereby committing
he48S complex into80S assembly (Algire et al., 2005;Unbehaunet
l., 2004). Whether domain II-dependent conformational changes
f the 40S subunit are similar to the ones induced by AUG start
odon recognition is unknown.
. Conclusion
Research over the past decade has shown that IRES function is
overned by structure. We now know the 3D structures of most
CV IRES subdomainsmediating 40S subunit and eIF3 recruitment
swell as subunit joining, butwe still lack anoverall structure of the
CV or an HCV-like IRES and any atomic details of their interaction
ith the ribosome or eIF3. The low-resolution EM models of the
inary HCV IRES–40S, 80S and eIF3 complexes need to be followed
p by atomic resolution models of these assemblies. Furthermore
ryo-EM studies ofmore complex assemblies up to elongating ribo-
omes are required in order to understand the structural basis of
ow the HCV IRES manipulates the translational machinery and
ow it controls the different stages of translation initiation bymod-
lating 40S subunit and eIF conformations. Knowledge of these
etails will not only enrich our understanding of the eukaryotic
ibosome, but will also aid structure-based drug design to develop
ntiviral treatments in the future.
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